Background
==========

Osteoporosis is a skeletal disease that occurs worldwide and is characterized by bone loss, microarchitectural deterioration, and compromised bone strength. Osteoporosis leads to increasing bone fragility and propensity for fracture, particularly in postmenopausal women \[[@b1-medscimonit-24-8758]--[@b3-medscimonit-24-8758]\]. Low bone mineral density (BMD), evaluated by the current criterion standard, dual-energy x-ray absorptiometry (DXA), is a predictor of fracture risk \[[@b1-medscimonit-24-8758],[@b3-medscimonit-24-8758]\]. Osteoporosis is defined by either a fragility fracture or by a BMD T score of −2.5 or lower in the femoral neck or hip bones \[[@b3-medscimonit-24-8758],[@b4-medscimonit-24-8758]\]. Among fragility fractures, vertebral and hip fractures pose the greatest risk of morbidity and mortality \[[@b5-medscimonit-24-8758]\].

Several drugs are available in for the management of osteoporosis. These drugs are divided into antiresorptive agents and anabolic agents, such as bisphosphonates estrogens and parathyroid hormones \[[@b2-medscimonit-24-8758]--[@b4-medscimonit-24-8758],[@b6-medscimonit-24-8758],[@b7-medscimonit-24-8758]\]. Despite their efficacy in the treatment of osteoporosis, adverse effects and low adherence may impede long-term use. Nowadays, long-acting bisphosphonates may be the best choice for a patient with poor adherence because of their long half-life in the skeleton. In recent years, receptor activator of NF-κB ligand (RANKL) and sclerostin have been promising therapeutic targets. Denosumab, a monoclonal antibody that binds to RANKL, mimics osteoprotegerin (OPG), thereby inhibiting osteoclastogenesis \[[@b8-medscimonit-24-8758]--[@b10-medscimonit-24-8758]\]. Romosozumab, a monoclonal antibody that binds to and inhibits sclerostin, has the dual effects of promoting bone formation and inhibiting bone resorption \[[@b11-medscimonit-24-8758],[@b12-medscimonit-24-8758]\].

In this review, we give a brief introduction to the canonical Wnt/β-catenin pathway and the RANK/RANKL/OPG pathway, which includes the functional mechanisms of sclerostin and RANKL. Then, we review the clinical trials of denosumab and romosozumab in detail, including efficacy and safety profiles. We pay special attention to BMD gains at the lumbar spine, total hip, and femoral neck. We compare concurrent therapy and sequential therapy among bisphosphonates, parathyroid hormone, denosumab, and romosozumab, with the goal of identifying the best therapies for management of osteoporosis.

Signaling Pathways Involved in Bone Remodeling
==============================================

Bone remodeling is a dynamic process in which bone formation and bone resorption interact with each other \[[@b6-medscimonit-24-8758]\]. To maintain bone homeostasis, bone formation and bone resorption must be dynamically balanced. Osteoblasts conduct bone formation, whereas osteoclasts conduct bone resorption. Osteocytes interact with osteoblasts and osteoclasts, influencing bone formation and bone resorption by adjusting the secretion of important proteins in response to changes in mechanical loading ([Figure 1](#f1-medscimonit-24-8758){ref-type="fig"}) \[[@b13-medscimonit-24-8758]--[@b17-medscimonit-24-8758]\].

Bone remodeling is a complicated process involving many cells and molecules. Bone formation is conducted by osteoblasts and bone resorption is conducted by osteoclasts. Osteoblast is a source of OPG, RANKL, and Dkk-1. Osteocyte is the only source of sclerostin and the main source of RANKL. RANK/RANKL interactions play a key role in osteoclastogenesis. OPG, the decoy receptor of RANKL, can block the interactions between RANK and RANKL. The canonical Wnt/β-catenin pathway plays a pivotal role in osteoblastogenesis. Sclerostin and Dkk-1 can inhibit the canonical Wnt/β-catenin pathway through binding to Wnt co-receptors. Importantly, mechanical loading can regulate the expression of sclerostin. As a result, activation of the canonical Wnt/β-catenin pathway is changed, followed by adjustment in bone formation and bone resorption. Osteocytes may play a more important role than previously recognized.

Osteoblasts are derived from the mesenchymal stem cell lineage \[[@b6-medscimonit-24-8758],[@b18-medscimonit-24-8758]\]. The canonical Wnt/β-catenin pathway plays a pivotal role in the differentiation of osteoblast progenitors to mature osteoblasts and the process of bone formation \[[@b17-medscimonit-24-8758],[@b19-medscimonit-24-8758]\]. The canonical Wnt/β-catenin pathway can be antagonized by Dickkopf-related protein 1 (Dkk-1) and sclerostin through binding to the Wnt low-density lipoprotein (LDL) receptor-related protein co-receptor 5 (LRP5) and LDL receptor-related protein co-receptor 6 (LRP6) \[[@b17-medscimonit-24-8758],[@b20-medscimonit-24-8758],[@b21-medscimonit-24-8758]\]. Recently, the study of sclerostin has been of great interest. Sclerostin, encoded by SOST, is secreted by osteocytes \[[@b13-medscimonit-24-8758],[@b14-medscimonit-24-8758]\]. The secretion of sclerostin is influenced by mechanical loading \[[@b17-medscimonit-24-8758],[@b22-medscimonit-24-8758]--[@b24-medscimonit-24-8758]\]. Mutations in *SOST* can cause sclerosteosis \[[@b25-medscimonit-24-8758]\]. In *SOST* knockout mice, elevations in bone formation and bone strength have been observed \[[@b26-medscimonit-24-8758]\]. Bone loss of ovariectomized rats was completely reversed after administration of anti-sclerostin antibody, and greater increases in bone mass and bone strength were observed than in normal rats \[[@b27-medscimonit-24-8758]\]. In female cynomolgus monkeys, treatment with anti-sclerostin antibody led to increased bone formation, bone mass, and bone strength \[[@b28-medscimonit-24-8758]\]. In conclusion, blockade of sclerostin has significant anabolic effects and could be beneficial for bone gain.

The canonical Wnt/β-catenin pathway also plays a role in regulating osteoclastogenesis and subsequent bone resorption. Experiments causing gain and loss of function of β-catenin showed that β-catenin promoted osteoblasts expressing OPG, thereby blocking the differentiation of osteoclasts \[[@b29-medscimonit-24-8758]\]. Additionally, deletion of β-catenin resulted in accelerated differentiation from osteoclast progenitors to mature osteoclasts, demonstrating that β-catenin can inhibit the rate of osteoclastogenesis \[[@b30-medscimonit-24-8758]\]. The results of one study \[[@b17-medscimonit-24-8758]\] suggested that Wnt signaling directly inhibits osteoclast progenitors, independent of OPG; however, OPG was not measured directly \[[@b17-medscimonit-24-8758]\].

Osteoclasts express receptor activator of NF-κB (RANK) on the cell membrane, and are derived from hematopoietic stem cells of the monocyte and macrophage lineage \[[@b6-medscimonit-24-8758],[@b18-medscimonit-24-8758],[@b31-medscimonit-24-8758]\]. The differentiation from osteoclast progenitors to mature osteoclasts is dependent on the presence of the RANK Ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) \[[@b6-medscimonit-24-8758]\]. RANKL is mainly expressed by osteocytes and osteoblasts, and plays a key role in osteoclast differentiation and activation through binding to RANK \[[@b15-medscimonit-24-8758],[@b31-medscimonit-24-8758]--[@b34-medscimonit-24-8758]\]. Mutant mice lacking RANKL exhibit severe osteopetrosis and complete defects of osteoclastogenesis, verifying the importance of RANKL for osteoclastogenesis \[[@b32-medscimonit-24-8758]\]. However, the effect of RANKL can be blocked by OPG, a soluble decoy receptor, both *in vitro* and *in vivo* \[[@b33-medscimonit-24-8758]--[@b35-medscimonit-24-8758]\]. OPG-deficient mice exhibit a decrease in bone density \[[@b36-medscimonit-24-8758]\]. Administration of recombinant murine OPG caused increased bone density in normal mice and blocked bone loss in ovariectomized rats \[[@b35-medscimonit-24-8758]\]. In male Sprague-Dawley rats, significant increases in bone volume and density were observed when recombinant human OPG was administered \[[@b37-medscimonit-24-8758]\]. In ovariectomized mice, transgenic overexpression of human OPG caused a significant bone gain effect \[[@b38-medscimonit-24-8758]\]. Importantly, estrogen deficiency induced an increase in RANKL in bone marrow cells, demonstrating a role for RANKL in the increased bone resorption in postmenopausal women \[[@b39-medscimonit-24-8758]\], and a clinical trial showed that subcutaneous injection of OPG effectively reduced bone resorption in postmenopausal women \[[@b40-medscimonit-24-8758]\]. In conclusion, these protective effects of OPG show that RANKL may be an effective therapeutic target for osteoporosis.

Therapeutic Agents
==================

Recently, understanding of the canonical Wnt/β-catenin pathway and the RANKL/RANK/OPG pathway has been translated to the clinical level. Antagonists that block sclerostin or RANKL have been tested in clinical trials. In this section of the review, we begin with a brief introduction to bisphosphonates and parathyroid hormone, because these are usually used as control treatments in clinical trials. Then, we describe clinical trials of denosumab and romosozumab ([Table 1](#t1-medscimonit-24-8758){ref-type="table"}). Calcium and vitamin D supplements are provided as a basic treatment in these studies.

Bisphosphonates
---------------

Alendronate, zoledronic acid, risedronate, and ibandronate are the first-line bisphosphonates used in clinical applications. They work by inhibiting farnesyl diphosphate synthase in the mevalonate pathway, thereby blocking the formation and function of osteoclasts \[[@b41-medscimonit-24-8758],[@b42-medscimonit-24-8758]\]. As a result, they can reduce both bone formation markers and bone resorption markers; increase the BMD at the lumbar spine, femoral neck, and the total hip; and reduce the risk of vertebral fractures, nonvertebral fractures, and hip fractures \[[@b43-medscimonit-24-8758]--[@b50-medscimonit-24-8758]\]. Notably, the therapeutic effect is sustained for up to several years \[[@b47-medscimonit-24-8758],[@b51-medscimonit-24-8758]--[@b53-medscimonit-24-8758]\]. Although some adverse events have been reported, the incidence is low \[[@b53-medscimonit-24-8758],[@b54-medscimonit-24-8758]\]. Overall, the use of bisphosphonates is safe \[[@b43-medscimonit-24-8758]--[@b45-medscimonit-24-8758],[@b47-medscimonit-24-8758],[@b55-medscimonit-24-8758]--[@b58-medscimonit-24-8758]\].

Parathyroid hormone (1--84) and teriparatide
--------------------------------------------

Parathyroid hormone (1--84) and teriparatide, a recombinant human parathyroid hormone (1--34), are anabolic drugs that are administered subcutaneously and have been shown to not only increase bone formation markers but also increase bone resorption markers \[[@b59-medscimonit-24-8758]--[@b68-medscimonit-24-8758]\]. Parathyroid hormone therapy can cause increased BMD at the lumbar spine, femoral neck, and total hip \[[@b9-medscimonit-24-8758],[@b59-medscimonit-24-8758]--[@b64-medscimonit-24-8758],[@b69-medscimonit-24-8758]--[@b72-medscimonit-24-8758]\], as well as reduced risk of both vertebral and nonvertebral fractures \[[@b59-medscimonit-24-8758],[@b60-medscimonit-24-8758],[@b64-medscimonit-24-8758],[@b73-medscimonit-24-8758]\]. Additionally, one study suggested that the decreased risk of nonvertebral fractures could last for 30 months after discontinuation of therapy \[[@b74-medscimonit-24-8758]\]. Parathyroid hormone therapy is generally well tolerated \[[@b61-medscimonit-24-8758]--[@b63-medscimonit-24-8758],[@b74-medscimonit-24-8758]\].

Hormone therapy
---------------

Estrogen or estrogen plus progestogen therapy are designed to prevent osteoporosis and treat menopausal symptoms instead of treating osteoporosis, despite the fact that risk of vertebral fractures and hip fracture was reduced in the Women's Health Initiative trials \[[@b7-medscimonit-24-8758],[@b75-medscimonit-24-8758],[@b76-medscimonit-24-8758]\]. Although the incidence of adverse events was increased \[[@b2-medscimonit-24-8758],[@b7-medscimonit-24-8758],[@b76-medscimonit-24-8758]\], some experts held the view that benefits over risks with initiation near menopause \[[@b77-medscimonit-24-8758]\]. In the USA and most European countries, the lowest effective dose and shortest duration within the first few years of menopause was recommended for treatment of menopausal symptoms \[[@b2-medscimonit-24-8758],[@b7-medscimonit-24-8758]\]. Of note, a guideline suggested that "Menopausal estrogen or estrogen plus progestogen therapy or raloxifene should not be used to treat women with osteoporosis" \[[@b4-medscimonit-24-8758]\].

Denosumab
---------

Denosumab, also known as AMG 162, is a fully human monoclonal antibody that binds to RANKL with high affinity, mimicking the effects of OPG on RANKL. Therefore, denosumab can block the differentiation of osteoclasts, resulting in inhibition of osteoclast-mediated bone resorption.

In the phase 1 clinical trial, a single dose of AMG 162 caused a decrease in bone resorption turnover markers, and this decrease was long-lasting. These effects were dose-dependent and reversible, and no serious adverse events were observed \[[@b78-medscimonit-24-8758]\].

In the phase 2 clinical trial lasting 2 years \[[@b8-medscimonit-24-8758],[@b79-medscimonit-24-8758]\], denosumab was administered subcutaneously to postmenopausal women with low BMD. Doses were administered either every 3 months (6, 14, or 30 mg) or every 6 months (14, 60, 100, or 210 mg), and bone gain was evaluated. Compared with alendronate (70 mg, weekly), the administration of denosumab at 30 mg every 3 months or 60 mg every 6 months resulted in similar increases of BMD at the lumbar spine and total hip. There was no significant difference in adverse events or serious adverse events compared to the placebo \[[@b8-medscimonit-24-8758],[@b79-medscimonit-24-8758]\]. Because adherence for clinical use is likely higher for infrequent treatments, subcutaneous administration of 60 mg every 6 months was chosen for the subsequent clinical trial \[[@b9-medscimonit-24-8758],[@b10-medscimonit-24-8758],[@b69-medscimonit-24-8758],[@b70-medscimonit-24-8758],[@b80-medscimonit-24-8758],[@b81-medscimonit-24-8758]\].

The Fracture Reduction Evaluation of Denosumab in Osteoporosis Every 6 Months (FREEDOM) was a phase 3 clinical trial \[[@b10-medscimonit-24-8758],[@b80-medscimonit-24-8758]--[@b83-medscimonit-24-8758]\] in which postmenopausal women who had a T score of −2.5 to −4.0 at the lumbar spine or total hip were enrolled and divided into 2 groups: the long-term group (10 years denosumab) and the crossover group (transition from 3 years' placebo to 7 years' denosumab). In the first 3 years, the risks of new radiographic vertebral fracture, hip fracture, and nonvertebral fracture were reduced compared with placebo (68%, 40%, and 20%, respectively) \[[@b81-medscimonit-24-8758]\]. In the subsequent 7 years in the long-term group, the yearly incidence of new vertebral fracture and nonvertebral fractures was similar to the low rate observed during the first 3 years in the long-term group \[[@b10-medscimonit-24-8758]\]. The study showed that denosumab could progressively increase BMD for up to 10 years, possibly without plateau. However, yearly bone gain peaked during year 1 and gradually attenuated throughout the course of the trial. The incidence of adverse events gradually decreased, suggesting that denosumab could be tolerated. The rate of serious adverse events, including osteonecrosis of the jaw and atypical femoral fracture, was stable during the course of the study.

In the DATA study, BMD in postmenopausal women with osteoporosis was evaluated in response to denosumab (60 mg every 6 months, administered subcutaneously), teriparatide (20 μg daily), or both drugs in combination. Administration of the 2 drugs in combination resulted in greater BMD increases at the lumbar spine, femoral neck, and total hip than either drug alone \[[@b69-medscimonit-24-8758],[@b70-medscimonit-24-8758]\].

In the subsequent DATA-Switch study \[[@b9-medscimonit-24-8758]\], women were divided into 3 groups: denosumab to teriparatide, teriparatide to denosumab, and combined therapy to denosumab. In both the teriparatide to denosumab group and the combined therapy to denosumab group, BMD continued to increase at the lumbar spine, femoral neck, and total hip. The increase was greater in the teriparatide to denosumab group than the combined therapy to denosumab group. However, BMD underwent a transient decrease and then reversed in the denosumab to teriparatide group. Bone gain was significantly lower at the total hip and the femoral neck in the denosumab to teriparatide group than in the other groups \[[@b9-medscimonit-24-8758]\].

Romosozumab
-----------

Romosozumab, formerly known as AMG 785, is a monoclonal antibody that binds sclerostin. Romosozumab can increase bone formation and decrease bone resorption when administered subcutaneously.

In the phase 1 clinical trial, a single dose of AMG 785 increased bone formation markers while decreasing bone resorption markers and promoted the gain of BMD at the lumbar spine and total hip in 85 days. Its effects were dose-dependent. During the short period treatment, AMG 785 was generally well tolerated \[[@b84-medscimonit-24-8758]\].

In a phase 2 clinical trial, the bone gain effects of romosozumab administered monthly (70, 140, or 210 mg) or at 3-month intervals (140 or 210 mg) for 1 year were evaluated in postmenopausal women with low BMD \[[@b11-medscimonit-24-8758]\]. Romosozumab (210 mg monthly) showed significantly better efficacy in increasing BMD at the lumbar spine, total hip, and femoral neck when compared to placebo, alendronate (70 mg weekly), or teriparatide (20 μg daily), with increases of 11.3%, 4.1%, and 3.7%, respectively. A monthly dose of 210 mg has been used in some phase 3 clinical trials due to its superior BMD gains \[[@b72-medscimonit-24-8758],[@b85-medscimonit-24-8758]\]. Interestingly, the effects of romosozumab on bone gain attenuated over time after 6 months, which could explain why romosozumab was used for only 1 year in other clinical trials \[[@b12-medscimonit-24-8758],[@b72-medscimonit-24-8758],[@b85-medscimonit-24-8758],[@b86-medscimonit-24-8758]\]. There was no significant difference in adverse events with romosozumab compared with other groups.

Interestingly, this phase 2 clinical trial \[[@b11-medscimonit-24-8758]\] used quantitative computed tomography (QCT) to further examine bone gain in response to romosozumab compared with teriparatide and placebo \[[@b71-medscimonit-24-8758]\]. In the previous study, romosozumab demonstrated significant increases in BMD compared with teriparatide and placebo \[[@b11-medscimonit-24-8758]\]. In this QCT analysis \[[@b71-medscimonit-24-8758]\], romosozumab increased the integral volumetric BMD and bone mineral content (BMC) significantly at the lumbar spine and total hip compared with teriparatide and placebo, consistent with previous BMD results evaluated by DXA \[[@b11-medscimonit-24-8758]\]. Additionally, romosozumab resulted in significant increases in trabecular/cortical volumetric BMD at the lumbar spine and in trabecular volumetric BMD at the total hip compared with placebo. Significant increases in cortical BMC at the lumbar spine were also observed compared with placebo. Compared with teriparatide, there were significant increases in cortical volumetric BMD at the lumbar spine, trabecular volumetric BMD at the total hip, and cortical BMC at the lumbar spine and total hip. Notably, romosozumab resulted in an increase from baseline in cortical volumetric BMD at the total hip, whereas teriparatide showed a decrease. These findings demonstrated an advantage of romosozumab over teriparatide in promoting bone gain in the trabecular and cortical compartments \[[@b71-medscimonit-24-8758]\].

ARCH (the Active-Controlled Fracture Study in Postmenopausal Women with Osteoporosis at High Risk) was a phase 3 clinical trial that compared sequential romosozumab and alendronate therapy to alendronate alone \[[@b85-medscimonit-24-8758]\]. It found that 1-year romosozumab (210 mg monthly) followed by 2 years alendronate (70 mg weekly) caused a significantly greater increase in BMD at the lumbar spine and total hip compared with 3 years of alendronate alone. In the romosozumab followed by alendronate group, the risk of new vertebral fracture, nonvertebral fractures, hip fracture, and clinical fractures was lower by 48%, 19%, 38%, and 27%, respectively, compared with the alendronate alone group. The ability to lower the risk of new vertebral fracture is especially important \[[@b85-medscimonit-24-8758]\]. Overall adverse events and serious adverse events were balanced between the 2 groups. However, there were more serious cardiovascular adverse events in the sequential treatment group, including cardiac ischemic events and cerebrovascular events, which were not observed in the phase 2 clinical trial \[[@b11-medscimonit-24-8758]\]. The incidence of osteonecrosis and atypical femoral fracture was similar in the subsequent 2 years \[[@b85-medscimonit-24-8758]\].

In the Fracture Study in Postmenopausal Women with Osteoporosis (FRAME) trial, a phase 3 clinical trial, postmenopausal women who had a T score of −2.5 to −3.5 at the total hip or femoral neck received a monthly subcutaneous injection of romosozumab (210 mg) or placebo for 12 months, and then both groups transitioned to subcutaneous injections of denosumab (60 mg, administered every 6 months) for another 12 months \[[@b12-medscimonit-24-8758]\]. At 12 months, the risks of new vertebral fracture and clinical fractures were significantly lower with romosozumab, at 73% and 36%, respectively \[[@b12-medscimonit-24-8758]\]. At 24 months, the risk of vertebral facture was lowered by 75% with romosozumab. After the transition, denosumab continued increasing the BMD at the lumbar spine, total hip, and femoral neck, suggesting that sequential administration of romosozumab and denosumab provides improved consolidation of BMD \[[@b12-medscimonit-24-8758]\]. The incidence of adverse events, including serious cardiovascular events, appeared similar in the 2 groups. It could not be determined whether the occurrence of osteonecrosis of the jaw and atypical femoral fracture were related to treatment in the romosozumab group, because the underlying diseases of patients were complicated \[[@b12-medscimonit-24-8758]\].

In another phase 3 clinical trial, the effects of subcutaneous injection of romosozumab (210 mg monthly) or teriparatide (20 μg, daily) on BMD were compared among women with osteoporosis who had taken oral bisphosphonate for at least 3 years or alendronate for 1 year before screening \[[@b72-medscimonit-24-8758]\]. After transitioning from bisphosphonate treatment, the increases in BMD at the lumbar spine, total hip, and femoral neck were significantly higher in the romosozumab group compared with the baseline and the teriparatide group. QCT showed that romosozumab significantly increased the integral cortical volumetric BMD at the total hip compared with teriparatide and placebo. In addition, significant increases in the integral volumetric BMC were observed with romosozumab compared with teriparatide, with greater gains in the cortical compartment in comparison to the trabecular compartment \[[@b72-medscimonit-24-8758]\]. Notably, the gain in hip strength estimated by finite element analysis was consistent with the increase in BMD. The study also showed that teriparatide significantly increased the areal BMD at the lumbar spine, whereas BMD was reduced at the total hip and femoral neck. QCT showed that teriparatide significantly increased the trabecular volumetric BMD, whereas cortical volumetric BMD was decreased. The percentage change in the trabecular volumetric BMD was higher than in the cortical volumetric BMD. Interestingly, the change in the integral volumetric BMD at the total hip was not significant at 12 months, indicating that cortical bone played a more important role in contributing to maintaining BMD at the total hip. The total hip and femoral neck are skeletal sites with a high proportion of cortical bone, whereas the lumbar spine has a high proportion of trabecular bone. A decrease in cortical volumetric BMD at the total hip with teriparatide was also observed in a previous study \[[@b71-medscimonit-24-8758]\]. Some studies have suggested that the catabolic effect of teriparatide contributes to increased cortical porosity \[[@b72-medscimonit-24-8758],[@b87-medscimonit-24-8758]--[@b89-medscimonit-24-8758]\]. The overall incidence of adverse events was balanced between the 2 groups, and the serious adverse events in these groups were judged to have no relationship with the treatment \[[@b72-medscimonit-24-8758]\].

Surprisingly, a significant increase in the incidence of serious cardiovascular events was observed in the ARCH trial \[[@b85-medscimonit-24-8758]\]. This could be due to compensatory elevation of Dkk-1 \[[@b90-medscimonit-24-8758]--[@b92-medscimonit-24-8758]\], because sclerostin and Dkk-1 have been associated with ischemic stroke \[[@b93-medscimonit-24-8758]\]. However, Saag et al. measured the level of Dkk-1 in ovariectomized cynomolgus monkeys and found no significant change in those treated with romosozumab for 1 year \[[@b94-medscimonit-24-8758]\]. Romosozumab might reduce the risk of cardiovascular disease \[[@b95-medscimonit-24-8758]\], which is in contrast to the results seen in the ARCH study \[[@b85-medscimonit-24-8758]\]. Notably, the fact that sclerostin is exclusively secreted by osteocytes supports the prediction that anti-sclerostin therapy could be safe \[[@b13-medscimonit-24-8758]\]. Whether romosozumab could increase the risk of cardiovascular disease is not yet clear, and this potential risk requires further study \[[@b91-medscimonit-24-8758],[@b94-medscimonit-24-8758]\].

Therapeutic Method
==================

Single therapy
--------------

Among these drugs, romosozumab has the strongest effects on bone gain, ranging from 11.3% to 13.7% at the lumbar spine \[[@b11-medscimonit-24-8758],[@b12-medscimonit-24-8758],[@b85-medscimonit-24-8758]\]. This large effect is similar to the effect of 5 years of denosumab administration \[[@b80-medscimonit-24-8758],[@b83-medscimonit-24-8758]\], 10 years of alendronate administration \[[@b47-medscimonit-24-8758]\], or 2 years of teriparatide administration \[[@b63-medscimonit-24-8758],[@b70-medscimonit-24-8758],[@b96-medscimonit-24-8758]\].

Concurrent combination therapy
------------------------------

Combination therapy trials are done mostly on parathyroid hormone with concurrent denosumab, zoledronic acid, or alendronate. Combination therapy with teriparatide and denosumab showed greater efficacy for the gain of BMD at the lumbar spine, total hip, and femoral neck than either used alone \[[@b69-medscimonit-24-8758],[@b70-medscimonit-24-8758]\], demonstrating a synergistic effect between teriparatide and denosumab. However, the studies were of more complexity, because some patients had received antiresorptive therapies prior to the combination therapy, which might have influenced the therapeutic effects \[[@b69-medscimonit-24-8758],[@b70-medscimonit-24-8758]\]. Interestingly, although concomitant therapy of teriparatide and zoledronic acid resulted in greater bone gain than either agent alone at the lumbar spine, total hip, or femoral neck, there was no significant difference in the gain of BMD at the lumbar spine between teriparatide and the combination therapy \[[@b97-medscimonit-24-8758]\]. No bone gain advantage was observed from the combination of teriparatide and alendronate over either drug alone at the lumbar spine or the femoral neck \[[@b98-medscimonit-24-8758]\]. Combined therapy with alendronate and parathyroid hormone (1--84) resulted in no significant improvement in BMD over either drug alone at the lumbar spine, total hip, or femoral neck \[[@b66-medscimonit-24-8758]--[@b68-medscimonit-24-8758]\]. These results suggest that alendronate impairs the ability of parathyroid hormone to increase BMD.

Sequential therapy
------------------

Patients receiving teriparatide after transitioning from bisphosphonate therapy underwent a transient reduction in BMD at the total hip and the femoral neck, which was subsequently reversed. The overall beneficial effects at the lumbar spine, total hip, and femoral neck were not superior to those in patients previously untreated with bisphosphonates \[[@b62-medscimonit-24-8758],[@b63-medscimonit-24-8758],[@b72-medscimonit-24-8758]\]. However, patients transitioning from parathyroid hormone (1--84) to alendronate showed continuous increases in BMD at the lumbar spine, total hip, and femoral neck compared with placebo \[[@b65-medscimonit-24-8758],[@b68-medscimonit-24-8758]\], and the effect was similar to that from 2 years of treatment with teriparatide \[[@b63-medscimonit-24-8758]\]. Moreover, the volumetric BMD in trabecular bone at the spine and hip was significantly higher than in those transitioning to placebo \[[@b68-medscimonit-24-8758]\]. Although the gain in the volumetric BMD in cortical bone did not significantly differ between the 2 groups, the BMC and bone mass increased in the alendronate-treated group, indicating that alendronate may provide more bone strength \[[@b68-medscimonit-24-8758]\].

Interestingly, patients transitioning from denosumab to teriparatide also showed a transient BMD decrease at the lumbar spine, total hip, and femoral neck \[[@b9-medscimonit-24-8758]\]. The bone-gaining effects of teriparatide were similar to or lower than those previously untreated with denosumab \[[@b9-medscimonit-24-8758]\]. However, a greater bone gain effect of denosumab after transitioning from teriparatide was observed compared to denosumab alone \[[@b9-medscimonit-24-8758]\].

Surprisingly, patients transitioning from alendronate treatment to romosozumab treatment demonstrated a continuous increase in BMD at the lumbar spine, total hip, and femoral neck \[[@b72-medscimonit-24-8758]\]. However, previous alendronate treatment seemed to attenuate the bone gain effects of romosozumab when compared with the results of other studies \[[@b11-medscimonit-24-8758],[@b12-medscimonit-24-8758],[@b85-medscimonit-24-8758]\]. Transition from romosozumab to alendronate showed an increase in BMD at the lumbar spine and total hip in the first year, with a slight decrease in the following year \[[@b85-medscimonit-24-8758]\]. Continuous increases in BMD at the lumbar spine and the total hip were observed with sequential treatment of romosozumab to denosumab \[[@b12-medscimonit-24-8758]\]. Interestingly, this increase was slightly lower than the therapeutic effect of denosumab alone \[[@b8-medscimonit-24-8758],[@b12-medscimonit-24-8758],[@b69-medscimonit-24-8758],[@b70-medscimonit-24-8758]\].

In conclusion, for parathyroid hormone, when both adherence and bone gain in clinical settings are considered, sequential therapy may be a good choice. An anabolic agent followed by an antiresorptive agent may achieve the best outcome in treating osteoporosis \[[@b7-medscimonit-24-8758],[@b99-medscimonit-24-8758]\].

Conclusions
===========

Several agents are now available in clinical practice for the management of osteoporosis. With recent advances in understanding of the RANK/RANKL/OPG pathway and the canonical Wnt/β-catenin pathway, the mechanisms of osteoporosis have been further elucidated. Romosozumab, an antagonist of sclerostin, has the strongest effects on bone gain among existing drugs. However, because its efficacy is gradually attenuated, it is usually administered for only 1 year. Denosumab, an antagonist of RANKL, continuously increases BMD without a plateau over 10 years of administration. Moreover, denosumab has been shown to be safe for long-term administration. For long-term administration and the greatest therapeutic efficacy, anabolic agents followed by antiresorptive agents may be superior for the treatment of osteoporosis.
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###### 

Efficacies of denosumab and romosozumab.

  Agent         Duration of treatment (years)   Improvement of BMD               Reference
  ------------- ------------------------------- -------------------------------- --------------------------------
  Denosumab     1                               LS 5.0%, TH 2.9%, FN 1.3%        \[[@b12-medscimonit-24-8758]\]
  2             LS 7.7%, TH 4.0%, FN 3.3%       \[[@b80-medscimonit-24-8758]\]   
  3             LS 9.2%, TH 6.0%                \[[@b81-medscimonit-24-8758]\]   
  3             LS 9.4%, TH 4.8%, FN 4.0%       \[[@b82-medscimonit-24-8758]\]   
  5             LS 13.7%, TH 7.0%, FN 6.1%      \[[@b80-medscimonit-24-8758]\]   
  5             LS 13.1%, TH 6.2%, FN 5.7%      \[[@b83-medscimonit-24-8758]\]   
  6             LS 15.2%, TH 7.5%, FN 6.7%      \[[@b82-medscimonit-24-8758]\]   
  7             LS 16.5%, TH 7.4%, FN 7.1%      \[[@b10-medscimonit-24-8758]\]   
  8             LS 18.4%, TH 8.3%, FN 7.8%      \[[@b83-medscimonit-24-8758]\]   
  10            LS 21.7%, TH 9.2%, FN 9.0%      \[[@b10-medscimonit-24-8758]\]   
  Romosozumab   1                               LS 11.3%, TH 4.1%, FN 3.7%       \[[@b11-medscimonit-24-8758]\]
  1             LS 13.7%, TH 6.2%               \[[@b85-medscimonit-24-8758]\]   
  1             LS 13.3%, TH 6.8%, FN 5.2%      \[[@b12-medscimonit-24-8758]\]   

LS -- lumbar spine; TH -- total hip; FN -- femoral neck; BMD -- bone mineral density.
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